Abstract Sulphide generated during anaerobic treatment of S-containing wastewaters represents an environmental problem. Adding limited amounts of oxygen or nitrate (or nitrite) to biologically (or chemically) oxidise sulphide forms a simple processlevel strategy to control this problem. This short review evaluates the feasibility and limitations of this strategy on the basis of the results of bioreactor studies.
Introduction
Wastewaters containing organic matter and sulphate are generated by many industrial processes that use sulphuric acid (e.g. food and fermentation industry), or sulphate-containing feed stocks (e.g. sea food processing industry). Also the use of less oxidised sulphurous compounds in industrial processes such as sulphide (tanneries, Kraft pulping), sulphite (sulphite pulping), thiosulphate (processing of photographs) or dithionite (pulp bleaching), contributes to the Scontent of wastewaters. Besides these organic wastewaters, there are also sulphate-containing effluents with barely any organic matter. These are generated during leaching of sulphur-containing wastes (mine spoils, landfills) or during scrubbing of sulphur containing off-gases ). In addition, municipal residues rich in sulphate, as well as the sludge generated in municipal wastewater treatment plants, represent sources of sulphur compounds.
During anaerobic treatment of sulphate-containing wastewaters, the presence of sulphate will increase the intricacy of the biodegradation pathways involved. Acidogens, and methanogens will compete with sulphate-reducing bacteria (SRB) for the available substrates (organic compounds and hydrogen) (Fig. 1) . The outcome of this competition is important as it will determine to which extent sulphide and methane, the main end products of the anaerobic biodegradation process will be produced. In general, interspecies hydrogen will be oxidised by SRB rather than by hydrogenotrophic methanogens, while syntrophic substrates such as propionate and butyrate may be preferentially oxidised to acetate by acetogenic bacteria. The competition between SRB and methanogens for acetate appears to be much more complex, influenced by a large variety of factors .
Sulphate itself does not pose a threat to the environment as sulphate is a chemically inert, non-volatile and non-toxic compound (Shin et al. 1995) . However, the anaerobic reduction of sulphate to sulphide by SRB may have undesirable and/or detrimental effects:
(a) sulphide is inhibitory towards microorganisms.
Hydrogen sulphide may interfere with the assimilatory metabolism of sulphur, and it may affect the intracellular pH (Oude Elferink et al. 1994) . In anaerobic systems, methanogens and syntrophic propionate degrading bacteria are generally the most sensitive organisms to sulphide inhibition ).
The median inhibition concentration (IC 50 ) values reported in literature for methanogenic activity generally range between 30 and 250 mg S l -1 . Depending on the pH and the sludge structure, the extent of sulphide inhibition may correlate with the free sulphide concentration (granular sludge at pH \7 and suspended sludge) or rather with the total sulphide concentration (granular sludge at pH [7) (Koster et al. 1986; Visser et al. 1996) . Immobilised biofilm reactors may tolerate much higher sulphide levels, presumably due to mass transfer limitation ). The sulphide generated during the anaerobic treatment will be distributed between the gas and the liquid phases. In the liquid phase, the total dissolved sulphide is present as H 2 S and HS -. As the pK a of this equilibrium is about 7, small pH variations in the pH range 6-8 will significantly affect the free H 2 S concentration; (b) reduction of the methane yield, and consequently less energy recovery; (c) necessity of scrubbing of the biogas and posttreatment of effluents to meet discharge standards (Table 1) (Rinzema 1988; Wellinger and Lindeberg 1999) , malodour, corrosion of pipings, pumps, etc. (Little et al. 2000; Burgess et al. 2001 ); (d) accumulation of inert material in the sludge (e.g. metal sulphides); (e) growth of filamentous sulphide-oxidising bacteria such as Beggiatoa Rittman and McCarty 2000) , a phenomenon that is considered one of the possible causes of bulking sludge (Hossain 2004 ); (f) reduced COD-removal due to the presence of sulphide in the effluent; (g) oxygen demand on the receiving aquatic media thereby killing aquatic life; (h) high toxicity for humans.
The presence of sulphate in the wastewater during anaerobic treatment can have also positive effects to the treatment: (a) the sulphide formed can be used to remove heavy metals from the water phase by precipitating them in the form of metal sulphides, thereby preventing the release of heavy metals in the environment (Jacksonmoss and Duncan 1990; Pott and Mattiasson 2004 ). An additional advantage of heavy metal precipitation is that it lowers the metal toxicity (e.g. arsenic, copper, lead, mercury, tin, chromium, cadmium, cobalt, iron, nickel and zinc) towards anaerobic biomass (Tursman and Cork 1989; Jin et al. 1998 ); (b) the sulphide formed can provide (in combination with organic sulphur compounds) the sulphur requirements of methanogens that lack assimilatory sulphate reductases (Daniels et al. 1986 ).
Pollution prevention strategies in general can operate at three different levels: at the source (source control), at the end (end-of-pipe treatment) and at process level. In dealing with the problem of sulphide emission, source control is not a realistic strategy, since the presence of S-containing compounds in wastewater cannot be prevented. End-of-pipe treatment, i.e. the removal of H 2 S from biogas, is the most established strategy in practice. For that purpose, many different physico-chemical and biological techniques exist, such as biogas scrubbers and adsorption beds. Overviews of these techniques and its applications have been presented in review papers (Smet et al. 1998; Burgess et al. 2001; Noyola et al. 2006) . All of these end-of-pipe techniques are implemented as an extra treatment unit. In contrast, process-level control of sulphide emission would imply single-unit wastewater treatment processes. This strategy covers different approaches:
(a) adding selective inhibitors of sulphidogenic bacteria; (b) raising the pH in order to obtain predominantly ionic sulphide species; (c) adding sulphide scavengers; (d) adding oxygen or nitrate to oxidise sulphide.
It has been repeatedly attempted to selectively inhibit sulphate-reducing bacteria (approach (a)) with compounds such as molybdate (Yadav and Archer 1989; Clancy et al. 1992; Isa and Anderson 2005) , divalent transition metals (Clancy et al. 1992) , nitrite (O'Reilly and Colleran 2005) , and antibiotics (Tanimoto et al. 1989) . So far, none of these attempts has been successful, usually due to the compound's inefficacy in continuous systems or to its adverse effects to methanogenesis as well. Approach (b), raising the pH of the anaerobic bioreactor, is based on the acid-base equilibrium between H 2 S and HS -. The pK a1 of this equilibrium is around 7, which means that the percentage of volatile sulphide (H 2 S aq ) will decrease from about 50% at pH = 7 to about 9% at pH = 8. Hence raising the pH will certainly lead to lower percentages of H 2 S in the biogas. However, since the bioreactor pH is restricted to a near neutral range, the result of raising the pH will often not be sufficient. Moreover, elevating the pH can be costly or impractical for full-scale operation. Approach (c) makes use of the property of several organic and inorganic compounds to form stable complexes with sulphide, thereby suppressing the release of H 2 S. Examples of used compounds include synthetic scavengers (Hagen and Hartung 1997) and metal ions to precipitate sulphide (Dewaters et al. 1999; Wang and Banks 2006) . Due to economical and toxicity reasons, iron is the most used metal for sulphide precipitation, in spite of iron sulphide being more soluble than most other metal sulphides. The long-term application of iron salts to precipitate sulphide has drawbacks, including high chemical costs and high sludge production. The latter may eventually lead to clogging of piping and to reduction of the effective reactor volume. There is as well a series of commercial products available with practical application as sulphide scavengers. These products are directed at control of hydrogen sulphide in the oil industry and wastewater streams. As far as we know, they are not applied in anaerobic wastewater treatment systems; hence the topic appears absent in scientific literature. Approach (d), as an alternative process-level approach, is based simply on the oxidation of sulphide by imposing micro-aerobic or micro-anoxic conditions (Table 2 , Fig. 1 ).
Sulphide oxidation proceeds both biologically and chemically and can take place under aerobic or anaerobic conditions. Chemotrophic microorganisms are involved in the biological aerobic oxidation of sulphide, whereas phototrophic and chemotrophic microorganisms carry out the anaerobic oxidation of sulphide (Brüser et al. 2000; Van Haandel et al. 2006 ). There is a large phylogenetic diversity among the microorganisms that are able to oxidise sulphide. Most of these microorganisms have also the ability to oxidise other reduced sulphur compounds like elemental sulphur and thiosulphate (Brüser et al. 2000) . Under anaerobic conditions, genera of the family of the Chlorobiaceae and Chromatiaceae reduce sulphide while oxidising carbon dioxide. Colourless sulphur bacteria, of which the genus Thiobacillus is a relevant example, oxidise sulphide to elemental sulphur or sulphate using oxygen or nitrate as final electron acceptors ). Both biological and chemical sulphide oxidation is believed to start with the formation of polysulphides (S n 2-), which can be oxidised and protonated to form elemental sulphur (Steudel 1996) . Further oxidation will give rise to the formation of more oxidised sulphur species such as thiosulphate, sulphite and sulphate (Steudel 1996) . Under oxygen-limited conditions, sulphur is the major end product of the sulphide oxidation, whereas under fully oxygenated condition, sulphide will be 
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completely oxidised to sulphate. The relative contribution of chemical sulphide oxidation under oxic conditions has been found to increase under alkaline conditions (González-Sanchéz and Revah 2007). Several sulphide emission treatment strategies make use of the incomplete oxidation of sulphide to sulphur with recovery of sulphur (Noyola et al. 2006) . These strategies are generally focused on the treatment of biogas, off-gas, natural gas or lowstrength wastewaters Janssen et al. 1995 Janssen et al. , 1998 Annachhatre and Suktrakoolvait 2001) . The principle of these systems is based on the conversion of sulphide (after absorption into the liquid phase in case of gas treatment) to elemental sulphur using sulphide oxidising microorganisms (usually Thiobacillus) and a controlled oxygen supply. An important prerequisite of these processes is that the sulphur particles formed must have good settling properties so that they can be recovered by sedimentation. For this purpose, long solid retention times should be applied, to enable the formation of aggregates of biologically produced sulphur particles and immobilised microorganisms (Janssen et al. 1995) . The techniques described in literature that make use of nitrate to oxidise sulphide are not primarily directed at sulphur recovery but aim at sulphide oxidation or nitrate removal (Sect. 2.2).
The aim of this short review is to give an overview of strategies for process-level control of sulphide emission, with focus on the introduction of microaerobic and micro-anoxic conditions during anaerobic wastewater treatment. The results of research studies dealing with sulphide oxidation by adding limited amounts of oxygen or nitrate (or nitrite) for will be summarised, and feasibility of the applied treatment strategies will be discussed.
2 Wastewater treatment processes for simultaneous organic carbon removal and micro-aerobic/micro-anoxic sulphide oxidation
Treatment of S-containing wastewaters under micro-aerobic conditions
The simplest method of desulphurisation is the introduction of micro-aerobic conditions in order to oxidise sulphide. Such conditions can be generated in anaerobic bioreactors by dosing controlled amounts of oxygen or air as an oxidant or electron acceptor in the chemical or biological oxidation of sulphide. Despite the toxicity exerted by oxygen against obligate anaerobes like methanogens, its moderate introduction to anaerobic bioreactors is not expected to have a harmful impact to the biomass, mainly due to the limited penetration depth of oxygen in biofilms (Kato et al. 1993) . The introduction of limited amounts of air is a general practice in agricultural anaerobic digesters: it is estimated that worldwide over 3,000 units are operated under such conditions (A. Wellinger, pers. comm.). Manure is one of the feedstocks treated in these digesters. An air flow of 2-6% (v/v) of the biogas flow is introduced, mostly into the digester's headspace or alternatively to a separate reactor after the digester. Occasionally, the air is added to the liquid influent. The sulphide is oxidised to elementary sulphur, which is disposed off together with the digestate (O. Jönsson and T. Al Seadi, pers. comm.). In spite of this, the scientific literature about micro-aerobic reactor operation for sulphide removal is rather limited. Table 3 gives an overview of the systems used for studying microaerobic sulphide oxidation. All of them are lab-scale systems. The studies cover a wide range of loading conditions in terms of sulphate, oxygen and organic COD; and many different reactor configurations have been applied. Moreover, the purpose of sulphide oxidation varied from diminishing biogas sulphide levels in bioreactors operated at low S-load (van der Zee et al. 2007 ) to suppressing sulphide toxicity in bioreactors operated at high S-loads (Zitomer and Shrout 2000; Wang 2003a, b, 2006; Zhou et al. 2007 ). Sections 2.1.1-2.1.3 discuss the different aspects of micro-aerobic bioreactor operation for sulphide oxidation.
Reactor configuration
All bioreactors used for studying micro-aerobic sulphide oxidation were up-flow columns with a carrier material, except the chemostat used by (Khanal and Huang 2003b) . Oxygen or air was introduced either directly into the reactor (Zitomer and Shrout 2000; van der Zee et al. 2007; Zhou et al. 2007) or into the combined flow of effluent and biogas, right before this mixture entered a reservoir acting as a gas/liquid separator (Khanal and Wang (Khanal and Huang 2006) . In the latter systems, the oxygen-containing biogas from the separation reservoir returns to the bioreactor, and the sulphide-free effluent is discharged. Although these systems can no longer be considered single-unit micro-aerobic bioreactors, and although sulphide oxidation will mainly take place in the separation reservoir, it was decided to include them in Table 3 since the conditions in the bioreactor are clearly micro-aerobic and since the combined reactor-separator system has a single integrated gas cycle. In contrast, reactor systems consisting of an anaerobic bioreactor in series with an aerobic bioreactor for oxidizing the sulphide in the recycled effluent (Fox and Venkatasubbiah 1996; Chuang et al. 2005) have not been included, since the gas phases of the aerobic and the anaerobic unit are separated, and the oxygen that enters the anaerobic bioreactor is limited to that dissolved in the recycled effluent.
The oxygen dosing regime differed considerably between the reactor studies. Zhou et al. (2007) based air dosage essentially on avoiding serious sludge washout from the bioreactor, taking into account the theoretically amount of oxygen required to oxidise sulphide to sulphur. Van der Zee et al. (2007) based the amount of air to be injected on the S-load to the system, using a super-stoichiometric ratio of 8-10 mol O 2 per mol S. Zitomer and Shrout (2000) did not use any specific criterion for dosing the amount of air introduced. These authors investigated the effect of increasing air load (0-675 ml air/min) on improving oxygen transfer conditions. Huang (2003a, b, 2006) used an oxidation reduction potential (ORP) controlled oxygen injection system with a pre-set target ORP based on that ORP correlates with dissolved oxygen concentration (Peddie et al. 1990 ). The selection of initial ORP target values was arbitrary with a belief that the injected oxygen would be enough to eliminate sulphide completely. The utilization of an ORP based method for oxygen dosage is an attractive option because under typical anaerobic operating conditions the concentration of dissolved oxygen is practically zero. However, the choice of correlating measured ORP with dissolved oxygen concentration may not be useful. Janssen et al. (1995 Janssen et al. ( , 1998 , while investigating the use of ORP to control the injection of oxygen for the treatment of gas streams in a gas-lift bioreactor, found that the ORP was determined by the sulphide concentration and that the dissolved oxygen concentration is less important, which is in contrast to the findings of Huang (2003a, b, 2006) .
Sulphide oxidation and product formation in micro-aerobic bioreactors
Anaerobic treatment at S-limiting conditions usually leads to complete reduction of all the inorganic and organic S-containing compounds present in the wastewater. The ratio (effluent + biogas)-sulphide-S:influent-S ((HS --S eff + S gas ):S in ) will be close to 1. The data in Table 3 show that the ratio (HS --S eff + S gas ):S in of the micro-aerobically operated bioreactors was always lower than 1, indicating that introduction of micro-aerobic conditions promoted sulphide oxidation. In all bioreactor studies except in the system used by Zitomer and Shrout (2000) , the levels of sulphide in the biogas decreased considerably (at least 1.6 times), with biogas sulphide levels corresponding to a maximum of about 3% of the influent-S (Table 3 ). The distribution of sulphide over biogas and effluent will depend on the operation conditions, mainly on the pH, the volume of biogas produced and the oxygenation dosing regime. It is most likely that the increase in the biogas sulphide level reported by Zitomer and Shrout (2000) , was due to liquid phase stripping of H 2 S, as a result of the high oxygenation loads (540 g O 2 /g S in per day).
Elemental sulphur and sulphate have been suggested as the main products of micro-aerobic sulphide oxidation in the systems listed in Table 3 . The general tendency of introduction of micro-aerobic conditions in the reactor systems was an increase in the ratio effluent sulphate-S:influent-S (SO 4 2--S eff :-S in ), an observation that was more evident at higher oxygen loads (O 2 :S in ) (Table 3) . A substantial increase in the sulphate concentration has been reported by Zitomer and Shrout (2000) and Khanal and Huang (2003b) . Interestingly, in the bioreactor system study by Van der Zee et al. (2007) , introduction of excess air (O 2 :S load, 8-10) did not raise the effluent sulphate concentration, which indicated that the net sulphide oxidation was incomplete, i.e. to elemental sulphur and/or polysulphide. The S-balances of the remaining reactor studies also suggest that elemental sulphur and/or polysulphide are the main reaction products. When measured, thiosulphate was generally only detected during the first days of aeration/oxygenation Huang 2003a, 2006) .
COD removal in micro-aerobic bioreactors
The efficiency of organic matter removal improved in most treatment systems with introduction of microaerobic conditions (Table 3 ). The O 2 :COD ratios applied to the reactor systems varied broadly between the different studies (0.01-31). At low O 2 :COD ratios, oxygen will not contribute to a large extent to the overall COD removal. However, if the oxygen load is very high, as in the studies of Zitomer and Shrout (2000) and Khanal and Huang (2003b) (Table 3) , this contribution will be significant. Facultative heterotrophs were found to consume as high as 28 and 66% of the influent COD in the investigations of Zitomer and Shrout (2000) and Khanal and Huang (2003b) , respectively. In addition, oxygen may affect COD-removal indirectly, by alleviating sulphide toxicity towards methanogens in wastewaters containing elevated concentrations of sulphate (Zitomer and Shrout 2000; Huang 2003a, b, 2006; Zhou et al. 2007 ).
Using nitrate or nitrite to control sulphide generation during treatment of S-containing wastewaters
As alternatives for oxygen, nitrate and nitrite can be used to control sulphide generation during treatment of S-containing wastewaters. Nitrate and nitrite are usual constituents of many wastewaters, or can be generated separately, in a nitrification reactor. Compared to oxygen, nitrate and nitrite have the advantage of being highly soluble. This means that their use does not require applying an external gas flow and, consequently, that there will be less stripping of gaseous sulphide. Reduction of nitrate and nitrite follows either one of two possible mechanisms, denitrification or ammonification, yielding nitrogen gas or ammonia, respectively. The latter process, dissimilatory nitrate reduction to ammonia (DNRA), is thermodynamically less favourable than denitrification but requires less nitrate or nitrite than denitrification to oxidise one mole of sulphide (Table 2) . DNRA is associated with fermentative and obligate anaerobic bacteria (Kaspar et al. 1981) , and has also been reported for two pure cultures of SRB (Dannenberg et al. 1992) . DNRA may be the preferred pathway at high carbon to nitrogen ratios (Akunna et al. 1992) . The nature of the carbon source has also been suggested to influence the reduction pathways of nitrogen oxides (Percheron et al. 1998 ).
The feasibility of using nitrate and nitrite as electron acceptors for sulphide oxidation has been demonstrated in several reactor studies (Gommers et al. 1988; Krishnakumar and Manilal 1999; Kleerebezem and Mendez 2002; Reyes-Avila et al. 2004; Sierra-Alvarez et al. 2005; Vaiopoulou et al. 2005; Cardoso et al. 2006; Gadekar et al. 2006; Lau et al. 2006; Mahmood et al. 2007) . A common feature of these studies was that the reaction was studied under fully anoxic conditions and with sulphide as a main, usually the sole, electron donor. In many of these studies, the concentration of nitrate relative to that of sulphide determined whether sulphide was oxidised to elemental sulphur or sulphate. The mechanism of nitrate/nitrite reduction was denitrification. When both sulphide and organic compounds were present as electron donors, simultaneous autotrophic and heterotrophic (i.e. mixotrophic) denitrification could be observed (Gommers et al. 1988; Lens et al. 2000; Reyes-Avila et al. 2004; Sierra-Alvarez et al. 2005) . A specific application of sulphide oxidation by autotrophic denitrification is the Denitrifying Ammonium Oxidation (DEAMOX) process, a process that combines Anaerobic Ammonium Oxidation (ANAM-MOX) with the reduction of nitrate to nitrite by sulphide (Kalyuzhnyi et al. 2006a (Kalyuzhnyi et al. , b, 2007 . In this process, the DEAMOX reactor receives a mixture of two wastewater streams, the ammonium and sulphide-rich effluent from an anaerobic reactor and the nitrate (and sulphate-) rich effluent from a nitrification reactor treating part of the anaerobic effluent. Although the sulphide load to the DEAMOX reactor was *75% higher than the stoichiometric amount required for the reduction of nitrate to nitrite (
kJ/reaction, complete removal of sulphide, along with *80% sulphate recovery, was achieved, indicating that ANAMMOX (NH (Kalyuzhnyi et al. 2007 ).
The feasibility of combined methanogenic/anoxic treatment of nitrate and/or nitrite-containing wastewaters on single-unit bioreactors has been reported in several research papers (Hendriksen and Ahring 1996; Im et al. 2001; Núñez and Martínez 2001; Zhang and Verstraete 2001; Tai et al. 2006) . These studies showed that nitrate and nitrite could be efficiently removed by denitrification, while methanogenesis accounted for the major part of COD-removal. Evidently, the property of nitrate and nitrite, and especially of the more reduced denitrification intermediates nitric and nitrous oxide, to inhibit methanogenesis (Tugtas and Pavlostathis 2007) does not obstruct combining both microbial processes in one reactor. For example, even though severe inhibition of nitrite to acetoclastic methanogenesis by anaerobic sludge has been reported, with IC 50 -concentrations as low as 4.0-6.4 mg NO 2 --N/l (O'Reilly and Colleran 2005), it has been shown that complete removal of nitrite and 92-97% removal of COD could be achieved in an expanded granular sludge bed (EGSB) reactor at loads up to 0.9 g NO 2 --N/l/day and 6.5 g COD/l/day (Zhang and Verstraete 2001) . Inhibition of methanogenesis, along with the thermodynamic advantage of nitrate and nitrite reduction over methanogenesis, make it likely that combined methanogenic/anoxic environments will show nitrate reduction to proceed prior to, rather than simultaneous with, methanogenesis. Such a phased behaviour has indeed been reported in several batch studies, although usually only to a certain extent, and mainly due to inhibition rather than to competition (Balderston and Payne 1976; Chen and Lin 1993; Roy and Conrad 1999) . Clear evidence for distinct denitrifying and methanogenic zones in nitrate-amended anaerobic bioreactors has not been reported. Nevertheless, the upward trend observed in the sludge blanket for changes in the size, strength and colour of the granules in a nitrate-amended up-flow anaerobic sludge blanket (UASB) reactor studied by Hendriksen and Ahring (1996) suggested that denitrification was mainly associated to the bottom part of the reactor.
Although both anoxic sulphide oxidation and combined methanogenic/anoxic wastewater treatment have been widely studied, publications about adding nitrate or nitrite to otherwise anaerobic reactors, to oxidise the sulphide resulting from anaerobic treatment of S-containing organic wastewaters are scarce. In the anaerobic-anoxic-oxic process (ANANOX), the nitrate-containing flow from the nitrifying oxic stage is recycled to the anoxic zone, which is either the second part of an anaerobic-aerobic baffled reactor (Garuti et al. 2001) or the anoxic part of a hybrid ANANOX-reactor (Tilche et al. 1994) . In this zone, nitrate may act as electron acceptor for the oxidation of residual organic COD and sulphide. Garuti et al. (2001) evaluated the fate of sulphate and sulphide in the anoxic compartment of the baffled reactor that was part of a full-scale ANANOXreactor. The results were equivocal: the sulphate concentration was seen to increase but so did the sulphide concentration. The reason for this phenomenon is not clear but in this specific case it appeared that the presence of a large excess of nitrate was not a guarantee for efficient sulphide oxidation.
Discussion
Oxidation of sulphide in anaerobic bioreactors by introducing limited amounts of oxygen or nitrate (or nitrite) may provide a relatively simple strategy for reducing the levels of sulphide in the reactors' biogas and effluent. The prerequisites for the feasibility of these processes are (i) that sulphide oxidation successfully competes with other oxidative processes like aerobic or anoxic heterotrophic oxidation of organic COD and (ii) that sulphide oxidation is faster than re-reduction of the oxidised sulphur species. The far-reaching decrease of the sulphide emission reported in the micro-aerobic reactor studies discussed in this paper indicate that these conditions can be met. The results obtained with nitrate and nitrite are less unequivocal. Although the feasibility of both anoxic sulphide oxidation and combined methanogenic/anoxic wastewater treatment have been demonstrated, the use of 'micro-anoxic' conditions, i.e. adding limited amounts of nitrate or nitrite to oxidise the sulphide in anaerobic bioreactors treating S-containing organic wastewaters has hardly been evaluated. The lack of publications on 'micro-anoxic' sulphide oxidation may be a sign of inefficiency, i.e. it indicates that the prerequisites mentioned above may not be met.
When micro-aerobic conditions were imposed to otherwise anaerobic bioreactors, elevated effluent sulphate concentrations were usually observed but the sulphur balances showed that the fraction of influent-S recovered as sulphate-S was always lower and often much lower than 100%. Only a small or even negligible part of this gap could be attributed to sulphide-S in biogas and effluent. Therefore, it is most likely that elemental sulphur and/or polysulphides were the main reaction products of sulphide oxidation in the reactor studies discussed, an assumption that was furthermore supported by the oftenreported visual evidence of elemental sulphur formation. Sulphide oxidation by limited amounts of nitrate and nitrite is also expected to yield elemental sulphur rather than sulphate. The formation of elemental sulphur poses a possible disadvantage of methods to oxidise sulphide inside an anaerobic bioreactor. This includes the risk of clogging, reduction of the space available for biomass, as well as the risk of excessive sulphide formation in case of unstable operation conditions. A way to avoid problems due to sulphur accumulation is to control its formation in an isolated part of the reactor system. The system proposed by Khanal and Huang (2006) , oxygenation of the recycle flow in combination with elemental sulphur separation, may serve this purpose. This alternative is relatively simple to integrate in the treatment system. Addition of oxygen or nitrate (or nitrite) will inevitably change the microbial composition of the sludge, which in turn is likely to affect the sludge's physical characteristics. The growth of aerobic and denitrifying heterotrophs is generally associated with fluffy biomass, whereas several autotrophic sulphide oxidisers are filamentous organisms. Hendriksen and Ahring (1996) saw that the structure of the granules deteriorated, and experienced sludge washout problems, when operating an UASB-reactor under combined methanogenic-denitrifying conditions. Zhou et al. (2007) noticed that the proportion of rodshaped methanogens almost disappeared while cocci and filaments became the predominant bacterial morphologies in their oxygenated UASB. Hence, it should be taken into account that sludge washout may occur. Using a support material, as has been done in most of the studies listed in Table 3 , may help to avoid sludge washout. Alternatively, the sludge's stability can be increased by imposing changes like applying higher upflow velocities (Hendriksen and Ahring 1996) . Adding oxygen, air or nitrate/nitrite to anaerobic bioreactors will dilute the biogas with N 2 (from air or denitrification), O 2 (the fraction that fails to diffuse in the liquid phase and does not react biologically or chemically) and surplus CO 2 (from heterotrophic activity). N 2 may be oxidised to the greenhouse gas NO x when the biogas is combusted. O 2 in biogas can lead to an explosive mixture, albeit only at excessively high levels; biogas in air is explosive in the range of 6-12%, depending on the methane content (Wellinger and Lindeberg 1999) . The dilution of biogas may also give rise to combustibility problems. N 2 can be removed from gas streams by membranes or by low temperature pressure swing adsorption (PSA). However, removal is expensive (Wellinger and Lindeberg 1999) .
At present, sulphide emission control during anaerobic wastewater treatment mainly focused on end-of-pipe solutions and on process-level control by addition of sulphide scavengers. A considerable number of patents are available on these subjects. These patents refer to biogas treatment or bioreactor effluent treatment (involving stripping of dissolved sulphide in some cases) and aim mainly at sulphur production in a separate reactor when oxygen or air is used. The practice of introducing air to anaerobic bioreactor systems appears to be increasing, in particular in farm-scale anaerobic digesters. Nitrate is used in practice to control sulphide formation in sewer systems (Bentzen et al. 1995; Mathioudakis et al. 2006 ) but, as far as we know, not in anaerobic bioreactor systems.
From the information presented in this paper it is clear that there are still many uncertainties about the feasibility of using limited amounts of oxygen or nitrate to control sulphide emission by anaerobic bioreactors. Future research should focus on optimising the use of oxygen and exploring the use of nitrate for micro-aerobic and 'micro-anoxic' sulphide oxidation, respectively, e.g. by determining where, how and how much should be dosed, determining the contribution of chemical sulphide oxidation, and by evaluating the long-term effects of micro-aerobic or 'microanoxic' reactor operation on the process stability. It is also clear that the scope of applications investigated up to present is limited and must be broadened. The information provided in the studies reviewed could be used as a starting point to expand the application of this technique to other anaerobic bioreactor treatment systems (e.g. anaerobic treatment in suspended growth bioreactors, anaerobic treatment of excess activated sludge, of the organic fraction of municipal solid waste and animal manure).
Apart from the field of application of introduction of limited amounts of oxygen or nitrate (or nitrite) to biologically (or chemically) oxidise sulphide reviewed in this paper, there are other potential fields of application of this technique such as micro-aerobic domestic wastewater treatment (Basu and Mino 1993; Basu et al. 1995) , sewer emission control (this topic was briefly referred to in the paper) (e.g. Ochi et al. 1998) , contaminated sediment remediation, natural occurring processes (marine sediment chemical-biological interactions), which definitely show the significance of this application.
